The ceramics of PbTiO 3 and its powders have been prepared by a sol-gel process. The constitution of its phase and structure was examined by x-ray diffraction and Fourier transform infrared spectroscopy. Characterization studies were performed to determine the effects of particle size and degree of tetragonality. The dielectric properties of ceramics and powders of PbTiO 3 , composited with paraffin, were measured from 1 MHz to 18 GHz. All samples exhibited evidence of relaxation phenomena in their dielectric spectra. The relaxation frequencies increased with decreasing particle size.
Introduction
There is an increasing need for ferroelectric materials for use in microwave applications [1] [2] [3] . Current trends towards more complexity, higher power, smaller size, lighter weight, lower cost and higher frequencies through the integration of transmission lines, passive components and active devices have led to the development of microwave integrated circuits. The use of ferroelectric ceramics and films in most microwave devices requires that they possess frequency stable permittivities and low dielectric losses. A fundamental concern with the implementation of ferroelectric materials in microwave technologies is that they typically undergo a marked relaxation in their dielectric properties. The relaxation is characterized by a decrease in the relative permittivity with frequency, accompanied by a peak in the dielectric loss. The origins of this relaxation phenomenon have been attributed to the existence of domain structures [4] [5] [6] .
Compared with other ferroelectronic materials, lead titanate (PbTiO 3 ) has many useful properties, including a high transition temperature (∼490
• C), a low ratio for the planar-to-thickness coupling factor, a low ageing rate of the dielectric constant, and low dielectric constant. Therefore, PbTiO 3 shows great promise as a stable pyroelectric and piezoelectric material for high-temperature or high-frequency applications [7] .
Many studies have been carried out on the dielectric, pyroelectric and piezoelectric properties of PbTiO 3 prepared using various dopants [8] [9] [10] and PbTiO 3 thin films [11] [12] [13] . Very few works have been reported on the dielectric properties of PbTiO 3 ceramics and the composite materials in the range of microwave frequency. This paper reports on the microwave relaxation properties of PbTiO 3 ceramics and 0-3 powderpolymer matrix composite materials.
Experimental procedures
The sol of PbTiO 3 were prepared in the present study using titanium n-butoxide and lead tri-hydroxide [14] . The gels were dried in air at 100
• C for a week and formed uniform transparency gel. They were dry enough to be easily crushed. The gel powders were heat-treated at 500
• C for 2 h in alumina crucibles inside an electric box furnace. The heat-treated powder was ball-milled for 12 h and then dried. Powders were used for press forming. No binder was used, avoiding any possible effect from binder burn-out. The discs were sintered for various times at temperatures ranging from 600-1150
• C. The sintering was conducted in air by placing a small amount of PbZrO 3 in the same alumina crucible. The powders were prepared by crushing the PbTiO 3 ceramics which were then ball-milled for 4 h. The 0-3 composite samples were prepared with paraffin as the matrix material. Paraffin was selected for the matrix materials because of its low loss at microwave frequencies (ε = 2.2, tan δ ∼ 0.005). The composite materials were then placed in heated dies and pressed. A constant pressure was maintained on the samples as they cooled. The composite samples were prepared with 50 vol% powder load.
Relative permittivity and loss measurements from 1 MHz to 1 GHz were carried out using HP4286 and HP16194A hightemperature component test fixtures. The Au electrodes were applied to the sample surfaces. Measurements were carried out from 1 GHz through to 18 GHz using reflect transmitting technology. The apparatus was an HP8510B microwave vector network analyser. The diameters of toroidal-shaped samples (using paraffin as the matrix) were 3 and 7 mm, respectively. Figure 1 shows the x-ray diffraction patterns of PbTiO 3 . The PbTiO 3 powders have a tetragonal perovskite structure when the heat-treatment temperature is 500
Results and discussion
• C. Table 1 shows the relations of c/a of the PbTiO 3 powders with the heattreatment temperature. With the increase of the heat-treatment temperature, expands in the c direction and shrinks along the other two axis directions. Through the 1000
• C 4 h treatment, the c/a is same as the PbTiO 3 ceramic. The c/a of powders sintered at below 600
• C is obviously lower than the ceramics. Characterization of the powders used for composite fabrication included a particle size analysis, average size, and specific surface area measurements obtained from laser scattering technique. The particle size statistics are summarized in table 2.
Because of the agglomeration of powders, table 2 shows that the particle, especially the PbTiO 3 powder heated at 600
• C, is bigger than the crystallite size. The crystallite size heated at 600
• C is only 40 nm in diameter using TEM analysis. The crystallite size obtained from SEM analysis is same as the results of table 2 through heat treatment at 1000
• C or above. Fourier transform infrared (FT-IR) spectra provide that the organic components and water were removed from the PbTiO 3 powders after heating at 600
• C for 2 h.
All PbTiO 3 ceramics undergo a phase transition from cubic to tetragonal at ∼490
• C. Ceramics prepared by conventional oxide processing often are too fragile to handle and must be made porous to avoid cracking. For the present experiment, uncracked PbTiO 3 ceramics were fabricated successfully by sol-gel processing. Figure 2 shows the fracture surface of PbTiO 3 ceramics sintered at 1150
• C for 2 h. Grainsize distribution is a factor in the microcracking of PbTiO 3 ceramics.
The dielectric spectrum of the PbTiO 3 ceramic sample was measured in the following way. Relative permittivity and loss measurements were carried out using HP4286 (with a range of 1 MHz to ∼1 GHz) and HP16194A (with a range of ∼2 GHz) high-temperature component test fixtures. Au electrodes were applied to the sample surfaces.
The dimensions of the samples for microwave dielectric measurements are 1.6 × 2.4 × 2 mm (equal to the dimensions of the calibration sample provided by the HP company). We have measured the high-frequency dielectric properties of the BaTiO 3 ceramic. The position of its relaxation frequency is about 790 MHz. This result is the same as that reported by McNeal [4] . In measurement process, the samples have been incised into two pieces. The position of the relaxation frequency of the sample is the same as the incised sample. We conclude that the results obtained from the high-frequency dielectric measurement in HP4286 are the material properties.
The dielectric spectrum of the PbTiO 3 ceramic is shown in figure 3 . It is obvious that the ceramic exhibits the onset of the relaxation phenomenon at 100 MHz. At this frequency, the dielectric constant begins to decrease significantly and the loss increases with increasing frequency. The relaxation frequency peak position is around 800 MHz. The ceramic sample was crushed and composited with paraffin. The dielectric spectrum of the composite sample is shown in figure 5(a) . The relaxation frequency peak position shifts to 1.4 GHz. The 0-3 composite samples were used to decouple resonances between adjacent grains as well as to reduce the three-dimensional clamping experienced by grains in ceramic. Therefore, the relaxation frequency peak position of PbTiO 3 composite material shifts to a higher frequency.
Paraffin was selected for the matrix material because of its low loss at microwave frequencies (ε = 2.1, tan δ ∼ 0.005). The dielectric spectra of the paraffin and 0-3 composites with PT powders in microwave frequency range samples are shown in figures 4 and 5, respectively. The dielectric constant and loss of paraffin are about 2.2 and 0.02 (maximum) respectively. The 0-3 composite samples exhibited evidence of relaxation phenomena in their dielectric spectra (the arrowheads denote the relaxation frequency position in figures 5(a)-(c) ). The smaller resonance peaks in figures 5(a) and 5(b) are from the measurement error. This is normal behaviour in microwave measurements [4] . The relaxation frequencies measured from D 50 = 0.38 µm, D 50 = 4.32 µm and D 50 = 6.11 µm are 10 GHz, 1.8 GHz and 1.4 GHz, respectively. The relaxation frequencies increased with decreasing particle size. It appears that the relaxation frequency of the ceramic is lower than that of the composite sample. It is likely that the grain resonance frequencies are highly coupled, leading to lower resonance frequencies.
The relaxation frequency, f r is related to the grain size d. The relation follows the equation [4] 
Conclusion
The dielectric properties of ceramics and powders of PbTiO 3 were measured through microwave frequencies. All samples exhibited evidence of relaxation phenomena in their dielectric spectra. The relaxation frequencies increased with decreasing particle size. The shift in relaxation frequency demonstrates the ability to tune the high-frequency properties of ferroelectrics by controlling the grain size.
